Studies of the postmortem human brain have become an increasingly essential element of the effort to understand the neurobiology of psychiatric disorders, especially in light of advances in our knowledge of functional brain circuitry and the new opportunities to apply the approaches of genomics and proteomics. This Perspective reviews some of the opportunities afforded by investigations of the postmortem human brain, and offers suggestions for improving the quality of future studies through the use of wellcharacterized brain specimens, well-constructed experimental designs and well-controlled confounds. [Neuropsychopharmacology 26:143-154, 2002] © 2002 American College of Neuropsychopharmacology. Published by Elsevier Science Inc.
Research into the pathophysiological mechanisms operative in a number of psychiatric disorders, and the insights that those findings provide regarding pathogenetic factors and treatment approaches, have been greatly accelerated in recent years through the increasing temporal, spatial and neurochemical resolution of in vivo neuroimaging techniques. In addition, genetic and behavioral animal models have provided tractable systems for investigating the details of plausible pathophysiological mechanisms. However, neither in vivo neuroimaging nor animal models permit the direct investigation of the diseased brain tissue.
Although disparaged in the past due to the limitations imposed by confounding variables and the lack of reproducible findings (Plum 1972) , the use of postmortem human brain specimens in the study of psychiatric disorders has experienced new life in the past 15 years. The current interest in such studies may be traced to the confluence of several streams of thought. The first, and perhaps most critical, influence was the growing recognition in the 1960s and 1970s that major psychiatric disorders are diseases of the brain, and that at least some disorders, such as schizophrenia, are associated with altered brain anatomy (Stevens 1973; Johnstone et al. 1976) . Second, the pioneering investigations, principally of schizophrenia, initiated in the 1980s by Francine Benes, Joel Kleinman, Arnold Scheibel and others, began to demonstrate that postmortem studies could incorporate the types of experimental designs and controls for potential confounds that characterized other areas of empirical study. Finally, the broad advances in our fund of knowledge in neuroscience, coupled with the development of new methods that could be applied in studies of postmortem brain tissue, created opportunities for novel and powerful probings into the pathobiology of psychiatric disorders. Indeed, based on the current demands for access to postmortem human brain specimens, the interest in these types of investigations of psychiatric disorders has never been greater.
The direct study of the postmortem human brain provides several essential elements in the study of psychiatric disorders that are not currently, and that are not likely to be in the foreseeable future, available through other approaches. For example, although in vivo neuroimaging studies provide insights into critical areas (e.g., regional patterns of functional activation, dynamic changes in ligand receptor binding, and volumetric changes across time) that cannot be assessed in postmortem material, only postmortem studies provide the resolution required for the characterization of psychiatric disorders at the level of populations of neurons and the specific neural circuits that they form. That is, at present, disease-related alterations in local and distributed neural circuits, and at the cellular, synaptic and molecular levels, can only be detected through the direct study of brain tissue. Similarly, as susceptibility genes are identified for psychiatric disorders, postmortem tissue studies will provide an indispensable means for determining how those genetic liabilities are converted into altered expression of gene products. Furthermore, application of the recent powerful advances in genomics, and the anticipated opportunities in proteomics, to the study of psychiatric disorders requires the availability of postmortem brain specimens. For example, cDNA microarray studies of postmortem prefrontal cortex from subjects with schizophrenia have revealed abnormalities in the expression of multiple transcripts encoding proteins involved in specific domains of neural function (Mirnics et al. 2000 (Mirnics et al. , 2001a Hakak et al. 2001; Vawter et al. 2001) , providing a basis for the formulation of novel hypotheses regarding the pathobiology and the clinical heterogeneity of the disorder (Mirnics et al. 2001b) . These types of studies now offer the promise of advances on a number of fronts, from the molecular phenotyping of psychiatric disorders into more homogeneous categories, to the generation of new candidates for susceptibility or protective genes, to the delineation of pathophysiological cascades, and to the identification of novel targets for therapeutic interventions. Thus, studies of the postmortem human brain represent a critical and complementary approach to in vivo studies, as well as an essential interface between clinical investigations and studies in animal models.
The quality of the best postmortem studies of human psychiatric disorders has, without question, improved substantially over the past two decades, whether one judges quality by larger sample sizes, by the inclusion of better and more appropriate controls, or by the increased rigor of experimental design and analysis. The practical outcome of these improvements, and of the increase in the number of such studies, has been the replication of findings across independent investigations. For example, three published studies have found evidence of reduced numbers of glial cells in regions of the frontal cortex in subjects with depression (Ongur et al. 1998; Rajkowska et al. 1999; Cotter et al. 2001) . Within the field of schizophrenia research, three published studies have reported a similar ‫ف‬ 30% decrement in the number of neurons in the mediodorsal thalamic nucleus (Pakkenberg 1990; Popken et al. 2000; Young et al. 2000) , two groups have found a reduction of somal size in deep layer 3 pyramidal neurons in prefrontal area 9 (Rajkowska et al. 1998; Pierri et al. 2001 ) and three independent research groups have found decreased expression of the mRNA for the 67 kilodalton isoform of glutamic acid decarboxylase (GAD 67 ), the synthesizing enzyme for GABA, in the dorsal prefrontal cortex (Akbarian et al. 1995; Guidotti et al. 2000; Volk et al. 2000) of subjects with schizophrenia.
Consequently, the opportunity for studies of the postmortem human brain to exploit rapidly developing technologies in the service of advancing our knowledge of psychiatric disorders has never been greater. However, as in any area of scientific investigation, such studies must be conducted with an adequate awareness of their strengths and limitations, and with appropriate attention to the types of issues that can maximize the strengths and mitigate the limitations. In particular, realization of the anticipated insights into the pathogenesis and pathophysiology of psychiatric disorders offered by postmortem human brain studies depends upon continued improvements in the design, execution and interpretation of these studies. To quote an adage from sports philosophy, "If you're not getting better, you're getting worse." Because a number of excellent reviews have discussed many of the important methodological issues involved in postmortem studies of psychiatric disorders (Benes 1988; Casanova and Kleinman 1990; Harrison and Kleinman 2000) , the purpose of this Perspective is to highlight some areas in the planning and conduct of postmortem studies that require particular attention and to offer suggestions for improvements in these areas. Specifically, the premise of this paper is that the quality, and consequently the information value, of a postmortem human study depends upon the extent to which it employs well-characterized brain specimens, a well-constructed experimental design, and well-controlled confounds.
Well-characterized Brain Specimens
The ideal postmortem human brain study would utilize only "pristine" specimens; that is, tissue specimens not confounded by any factors. Of course, this ideal cannot be achieved because all specimens are postmortem and thus, by definition, are confounded in some way. By analogy, if the living human brain represents a featurelength movie, then the postmortem brain is a single frame, whose appearance may have been altered to different degrees by a variety of factors. In order to obtain meaningful information from this single frame, one has to know both how it has been altered and where it fits into the full-length film. Thus, a critical starting point in the conduct of postmortem human studies is the systematic characterization of the subjects and tissue samples to be investigated.
Clinical Diagnosis
The study of psychiatric disorders, including postmortem investigations, continues to rest upon syndromal diagnoses based on clinical features. Thus, as in clinical investigations, the quality of a postmortem study depends upon the extent and accuracy of the knowledge that supports the presence of the disorder under investigation. Of equal importance is the knowledge, obtained with a similar level of certainty, that the normal comparison subjects do not have a history of a psychiatric disorder. Just as structured interviews, with documented reliability, have replaced chart diagnoses or self-report in clinical studies, similar diagnostic rigor is an essential element in the characterization of subjects for postmortem studies. Structured, antemortem diagnostic assessments have been used quite effectively in some postmortem studies of schizophrenia (Arnold et al. 1998; Sokolov et al. 2000) . The advanced age, chronic hospitalization status and substantial cognitive impairment of most subjects included in such studies suggest that they represent a unique and important subgroup of subjects with schizophrenia. However, the distinctive features of such subjects constrains the extent to which findings from these studies can be generalized to other forms or earlier stages of the illness. Indeed, studies of elderly, chronically hospitalized subjects with schizophrenia have yielded some findings such as increased levels of synaptophysin protein in the prefrontal cortex (Gabriel et al. 1997) , that appear to be in the opposite direction to the decreased levels of this protein observed in studies of younger subjects with the disorder (Perrone-Bizzozero et al. 1996; Glantz and Lewis 1997; Karson et al. 1999) .
For most postmortem studies, especially of individuals in the early to mid-stages of a psychiatric disorder, who are most likely to die by suicide or by an accident or illness not apparently related to the primary disease process, such prospective, antemortem assessments are not possible. The most direct route of obtaining clinical information on these subjects, chart review, is limited in several respects. First, chart data are by definition anecdotal, the amount and detail being dependent upon the clinicians recording the data and the extent to which the full chart history is actually available for review. Second, chart review is limited to subjects who have been seen by the medical profession. However, medical records can be a valuable source of information in concert with "psychological autopsies" which involve structured interviews of surviving relatives and friends and directed questioning of health care providers. Consequently, the use of psychological autopsies represents the most effective approach at present for the study of non-elderly, non-institutionalized subjects with psychiatric disorders and comparison subjects. The value of this approach has been demonstrated by Kelly and Mann (1996) who found that comparison of research diagnoses made solely by psychological autopsy with diagnoses made antemortem by a clinician generated a kappa coefficient of 0.85 for Axis I diagnoses, a degree of agreement similar to that found in reliability studies involving direct interviews with patients.
Presumed "normal" comparison subjects should also be subjected to the same diagnostic procedures used for subjects with psychiatric disorders. In our experience with subjects identified through a coroner's office, diagnosable psychiatric disorders, especially of substance abuse or dependence, are not uncommon in subjects for whom the initially available clinical records indicated no history of psychiatric illness.
Whether diagnostic information is obtained from antemortem assessments or psychological autopsies, the formulation of these data into consensus DSM-IV diagnoses may be best accomplished by an independent panel of experienced research clinicians. Such an approach circumvents the potential biases of investigators who will be studying the postmortem tissue and provides additional parallels to the approaches that produce high diagnostic reliability in clinical studies. For example, in The University of Pittsburgh's Center for the Neuroscience of Mental Disorders, the same team of research clinicians render consensus diagnoses for both the living subjects enrolled in clinical studies and the deceased subjects utilized in tissue-based studies.
Suggestions for Improvements.
In essence, the same emphasis on the systematic acquisition of clinical data, and reliability and consensus in the diagnostic process, that characterize state-of-the-art clinical studies can be applied in postmortem investigations. Toward this end, an NIMH-sponsored workshop on approaches to diagnosis in postmortem studies may be of benefit. Such a workshop, including both individuals responsible for diagnostic issues in postmortem studies and established experts in clinical diagnosis and psychometric measures, could address issues such as the most appropriate instruments to use in data acquisition and the development of new methods for assessing and improving diagnostic reliability.
The information content of postmortem investigations may also be enhanced by examining the relations between the biological outcome measures of such studies and psychopathological features of the study subjects. For example, in schizophrenia research, the association between the magnitude of alterations in components of dorsal prefrontal cortical circuitry and severity of cog-nitive dysfunction might be particularly informative. However, since direct cognitive assessments cannot be made in a prospective fashion in most studies, the development of standardized instruments designed to quantify surrogate markers of cognitive function is needed.
Future postmortem studies may explore the neurobiology of intermediate or endophenotypes of psychiatric disorders; that is, traits found in both affected individuals and their unaffected relatives (Gottesman and Shields 1982) . In addition to the advantages of this approach demonstrated in clinical investigations (Freedman et al. 1997; Egan et al. 2001) , the study of deceased unaffected relatives who have passed through the age of risk permits the assessment of neurobiological measures of interest in the absence of the effects of drug treatment or other consequences of the illness. However, bringing such an approach to fruition depends both upon the identification of endophenotypes that are assessable in potential study subjects and the recovery of postmortem brain specimens from unaffected relatives. In our experience, the parents of deceased individuals with a major psychiatric disorder frequently express interest in becoming brain donors upon their own death. Thus, in these individuals, prospective antemortem assessments may be coupled with the recovery of brain tissue within a reasonable time frame. Postmortem studies of such parent-child dyads (or triads) might be especially informative, but the acquisition of adequate sample sizes would clearly require a substantial and long-term investment.
Neuropathological Assessment
The psychiatric disorders that are the focus of most postmortem studies (e.g., bipolar disorder, major depression and schizophrenia) do not have any known features that can be detected by standard neuropathological assessments. However, these assessments are still obviously important both to "rule out" other diseases that may mimic the clinical features of psychiatric disorders and to characterize the presence of brain abnormalities that might affect study design or interpretation. Clearly, the types and incidence of neuropathological abnormalities are likely to differ across psychiatric subjects as a function of a variety of factors (e.g., age, cause of death, community or hospital-based death, etc.). However, not every abnormality detected on neuropathological exam necessarily represents an exclusion condition, an important consideration given the importance (discussed below) of increasing the sample sizes employed in postmortem studies. Thus, the goal of neuropathological inquiry is to ascertain the presence of all abnormalities so that the potential impact of each can be considered in the design of each study. At the same time, it is important to minimize the impact that neuropathological assessment has on the availability of brain tissue for subsequent studies. Suggestions for Improvements. Although most published postmortem studies provide some information regarding neuropathological examination, the basis for the information provided is not often apparent. Involvement of an interested neuropathologist in the brain collection process makes it possible to approach the assessment on an individualized basis, guided by the clinical record and gross tissue inspection in order to obtain both standard tissue samples and additional ones as appropriate, with minimal disruption of the preferred tissue blocking regimen. In addition, the ongoing participation of the neuropathologist facilitates the review of sections from additional tissue blocks as they are cut for use in studies.
Antemortem Factors
The integrity of the morphology and biochemical content of brain structures may be affected by factors that are operative prior to death. Alterations in acid-base balance, blood oxygenation and brain perfusion that may occur during the agonal state can have complex effects on the dependent measures of interest in postmortem studies. Although these factors may, in general, be less of a concern in subjects who died suddenly, outside of a medical care setting (e.g., due to automobile accidents, myocardial infarctions or arrhythmias) than in individuals who died following a prolonged illness that involved medical interventions (e.g., due to pneumonia or cancer), cause and manner of death do not readily lend themselves to quantification or to comparisons across subject groups. However, the severity of agonal state has been reported to be inversely proportional to postmortem brain pH, which appears to be relatively uniform across the brain (Harrison et al. 1995 ). In contrast, brain pH does not appear to change as a function of postmortem interval (Ravid et al. 1992; Kingsbury et al. 1995) .
Although enzyme activity measures appear to be affected by brain pH (Perry et al. 1982; Yates et al. 1990 ), immunoreactivity of brain proteins and ligand binding to receptors do not appear to differ substantially as a function of brain pH (Harrison et al. 1995) . However, tissue levels of many species of mRNAs are directly related to brain pH (Harrison et al. 1995; Kingsbury et al. 1995) . Based on observations that sudden deaths are associated with brain pH of ‫ف‬ 6.8 and prolonged agonal states may produce brain pH of Ͻ 6.0, Harrison and Kleinman (2000) have recommended that all brains be screened for pH and those with values Ͻ 6.1 be excluded from study.
In addition to manner and cause of death, the possible effects of season and time of death may also need to be considered. Clearly, seasonal and circadian variations in-fluence measures of hypothalamic function, whether assessed pre-or postmortem (Ravid et al. 1992) . Suggestions for Improvements. Although cause and/ or manner of death are frequently reported in postmortem studies of psychiatric disorders, with the exception of suicide, this information is rarely utilized in study design or interpretation. Binary classification schemes, such as sudden versus prolonged death, or as following versus not following medical intervention, would make information regarding cause of death more tractable. However, it is not clear that such schemes, even if reliable, would meaningfully improve the characterization of the brain specimens under study.
In terms of markers of agonal state events, the detection on neuropathological exam of cellular changes attributable to hypoxia may serve as a grounds for excluding a brain specimen from study. The available data also suggest that postmortem brain pH is both informative about certain types of antemortem factors and provides a continuous variable that can be utilized as a covariate in statistical models. However, the value of brain pH measures may be enhanced through a better understanding of the factors that affect these measures. For example, studies in rodents in which cerebral hypoxia has been induced (and reversed) in appropriate experimental paradigms may be of use. Tissue from such studies would also permit a more controlled assessment of the relationship of brain pH to dependent measures of interest than is possible in comparisons across human brains.
It may also be informative to examine the possible influence of time and season of death, as well as sleep-wake status at time of death, and to report this information for each subject. Clearly, controlled studies in appropriate species of animals are needed to address the possible impact of these factors in postmortem human studies.
Postmortem Factors
In addition to clinical and neuropathological diagnoses, the assessment of postmortem interval (PMI), the elapsed time between death and the freezing or immersion of brain tissue in fixative, is a frequently utilized measure of the quality of postmortem brain specimens. Although it is reasonably assumed that the shorter the PMI, the better the quality of the tissue, this view does not take into consideration a number of relevant factors. For example, the effect of PMI on a given dependent variable may be complex. Thus, the absence of a significant linear relationship across study subjects between PMI and a biological measure does not exclude an influence of postmortem factors. Among other explanations, the absence of this association could mean that the biological measure had already changed substantially from the in vivo state at the earliest PMI examined.
Indeed, a limited number of controlled experimental investigations of PMI on morphometric measures or the detectability of certain molecules demonstrate the nonlinear nature of postmortem effects. For example, in a study of different PMIs produced in adjacent blocks of neocortex from the same monkeys, the somal size of a specific class of neurons was directly associated with PMI across a range of 30 min to 12 h, but did not change between 12 and 48 h (Hayes et al. 1991) . The tissue concentrations of individual members of a family of proteins may also change in different ways as a function of PMI. Figure 1 compares the tissue concentrations of three prosomatostatin-derived peptides in biopsy samples of monkey prefrontal cortex that were frozen at different time intervals after removal, creating different "PMIs" (Hayes et al. 1991) . Note that the concentration of one peptide, somatostatin-28, declined to 10-20% of baseline levels at the 10 min PMI, whereas the concentrations of two other peptides, somatostatin-14 and somatostatin-28 1-12 , actually increased during the same time interval, presumably as a consequence of the cleaving of somatostatin-28. However, by 12 h PMI, each of these peptides showed a different relative tissue concentration compared with its baseline level. That is, somatostatin-28 levels remained stable at about 20% of baseline, somatostatin-14 levels were approximately 60% of baseline, and somatostatin-28 1-12 levels had returned to baseline levels. Similar complex, PMI-related effects have also been observed for different isoforms of the same protein (Lewis et al. 1993 (Lewis et al. , 1994 . PMI may also affect immunoreactivity for the same protein in a non-uniform fashion across brain structures, and even across layers within the same region of the cerebral cortex. For example, an antibody directed against nonphosphorylated epitopes of neurofilament proteins (NFP) identifies a subpopulation of neurons in the human entorhinal cortex with distinctive regional and laminar patterns of distribution (Beall and Lewis 1992) . In the intermediate subdivision of the human entorhinal cortex, intensely immunoreactive NFP-positive neurons are present in layers 2 and 5 (Figure 2, panel  A) . Interestingly, in a pilot study of schizophrenia, NFP-immunoreactive neurons were absent in layer 2, but were clearly detectable in layer 5 (Figure 2, panel B) , suggesting the possibility of laminar-and neuron-specific disturbance in this illness (Lewis and Akil 1997) . However, in adjacent thin tissue blocks of monkey entorhinal cortex fixed at varying PMIs, NFP-immunoreactive neurons were clearly present in both layers 2 and 5 following a 30 min PMI (Figure 2 , panel C), but in layer 2 the overall intensity of immunoreactivity was substantially reduced at 12 h PMI and was undetectable following a 24 h PMI (Figure 2, panel D) . In contrast, layer 5 neurons remained clearly immunoreactive up to a 48 h PMI. These findings demonstrate that PMI effects on the same protein can differ across cortical layers within the same brain region, and they illustrate how such complex effects could be misinterpreted as the result of a disease-specific process.
In addition to PMI, the type and length of storage of brain specimens represents another postmortem factor that may affect the outcome of a study. For example, tissue preservation by continued immersion in formalin or another fixative for varying lengths of time may result in different degrees of tissue shrinkage that may be difficult to assess or account for, depending upon the type of study to be conducted. Prolonged fixation also substantially reduces the detectability of proteins by immunocytochemistry, although antigen-retrieval techniques, such as exposure of tissue specimens to elevated temperature or microwave irradiation, have produced remarkable recovery of immunoreactivity. However, limited data exist regarding whether these techniques actually restore immunoreactivity to the level detectable with an ideal degree of fixation and whether the recovery of immunoreactivity is actually comparable across specimens with different lengths of fixation. The available data do suggest that immunoreactivity is not altered in tissue fixed for a standard period time and then stored in cryoprotectant at Ϫ 30 Њ C (Erickson et al. 1998 ). Finally, freezer storage time for fresh-frozen tissue has been reported to be negatively correlated with tissue levels of some, but not all, mRNA transcripts (Burke et al. 1991; Harrison et al. 1995) . Suggestions for Improvements. Each of the examples of PMI effects presented above may represent more the exception than the rule, and some (i.e., postmortem processing within the family of prosomatostatin-derived proteins) may represent extreme cases. Indeed, a number of studies suggest that other classes of molecules, Figure 2 . Brightfield photomicrographs comparing nonphosphorylated neurofilament protein (NFP) immunoreactivity in the intermediate subdivision (EI) of human entorhinal cortex from a normal control subject (A) and a subject with schizophrenia (B). Note the absence of NFP immunoreactivity in layer II clusters of neurons in the subject with schizophrenia, despite the presence of these neurons on an adjacent Nissl-stained section (not shown) and the presence of intensely immunoreactive neurons and dendrites in the deep cortical layers, similar to that of the normal control subject. However, the decreased NFP immunoreactivity in layer II of panel A appears to represent a postmortem effect rather than a schizophrenia-related change as indicated by the result of experiments summarized in panels C and D. These panels show NFP immunoreactivity in sections from adjacent tissue blocks, containing the same subdivision of monkey entorhinal cortex, that were processed following postmortem intervals of 0.5 (C) and 24 (D) hours. Note that the longer PMI (D) results in a loss of NFP immunoreactivity that is restricted to layer II. Scale bar ϭ 150 m and applies to all panels. Figure reprinted from Lewis and Akil (1997) .
such as mRNAs, may be extremely stable following death. These examples do, however, illustrate the potentially complex and substantial impact of postmortem effects, and thus they demonstrate the need to systematically assess and control for such effects in designing postmortem studies.
Clearly, the more information that is available about the PMI, the better the characterization of the tissue specimens. In addition to accurately determining the interval between death and tissue preservation, some investigators have suggested that the intervals between several time points (i.e., death, refrigeration of body, brain removal, and brain preservation) may be more informative (W. Bunney, personal communication). However, knowing how to include such information in experimental design and statistical analyses requires further investigation. The identification of a reliable, quantitative surrogate measure that would provide a global estimate of the effects of processes operating after death would be very helpful. Such a measure would provide a means of assessing the relative influence of postmortem factors within and across subject groups in a study and for making comparisons across studies. Perhaps of greater importance, and certainly more immediately feasible, is the experimental assessment in an appropriate animal model system of the impact of PMI on the specific dependent measure under study. By providing a priori knowledge of the potential confound due to PMI, this information could be used to determine which subjects are appropriate for study, and whether the proposed study can actually produce interpretable results in the available subjects. Toward this end, the availability of standardized brain tissue samples from nonhuman primates in which the only difference across samples is length of PMI would permit a more uniform and reliable assessment of PMI effects.
What length of PMI is acceptable? Although it is tempting to pick an arbitrary cut-off value such as 24 h, the available data indicate that the range of acceptable PMIs clearly depends upon the measurement being made. Furthermore, PMI cannot be considered in isolation from antemortem or other factors. For example, in a study of gene expression, it may be that the brain of an individual who died of a prolonged illness with progressive hypoxia, but with a PMI of less than 5 h, is less suitable than the brain of an individual who died suddenly of a cardiac arrhythmia but with a PMI of 24 h.
Toxicology
Interpretation of findings from a postmortem study requires a means to determine whether the observation is influenced by the pharmacological treatment of the illness of interest or by other agents that may have effects on the central nervous system. This determination depends upon knowledge of which medications the subject received, for how long and at what dosage. However, such detailed information is difficult to obtain, frequently incomplete, confounded by compliance issues and usually not available to the same degree across subjects (with the possible exception of individuals who have been chronically hospitalized). Even when such information is available, it is difficult to know how to make comparisons across subjects: for example, is the relevant measure dose at time of death, total life time dose, etc.? Finally, a substantial percentage of subjects have received more than one psychotropic medication, and the extent to which drug interactions confound the picture is difficult to assess. In addition to prescribed medications, the potential influence of other commonly used psychotropic agents, such as alcohol, caffeine and nicotine, need to be considered, with the relevance of each of these variables dependent upon the nature of the study to be conducted. Suggestions for Improvements. Assessment of the potential impact of psychotropic agents in postmortem studies would be enhanced by improved means to detect the presence of such agents in study subjects. At present, this assessment is usually limited to assays of blood or other bodily fluids and is not uniformly available to all investigators who acquire postmortem brain specimens. The development of a centralized national core resource for conducting these assays would substantially improve the quality and uniformity of postmortem studies. In addition to conducting drug assays on serum or other fluids submitted by investigators in the field, this core could adapt or develop methods for measuring drug concentrations in brain tissue and hair. Such measures would, respectively, provide data that may be more biologically relevant and that reflect exposure over the several months preceding death.
Well-constructed Studies
As in other areas of investigation, the design of postmortem studies requires attention to a number of central issues that may affect outcome and interpretation. Perhaps most challenging and difficult for the investigator is the decision of whether the available postmortem tissue specimens can support the proposed studies. That is, given the question to be addressed, are the available tissue specimens appropriate in terms of the types of variables outlined in the preceding section? Stated in another way, the investigator must determine if the proposed study, independent of the interest or importance of the question to be addressed, is actually worth conducting. If the available tissue specimens are poorly characterized, or if they are suboptimal in some respect (e.g., pH values Ͻ 6.1), then the investigator (and possibly manuscript referees and editors) must decide whether potentially flawed or misleading data are better than no data at all. Although a fundamental ele-ment in the success of the scientific endeavor is its selfcorrecting nature, the effectiveness and extent to which this principle operates is dependent, in part, upon the number of investigators in the field and the rate at which studies are completed. Although certainly the number of postmortem studies of psychiatric disorders has increased in recent years, relatively few questions have been addressed with a sufficient number of studies to obtain definitive answers. However, any conceptually compelling finding from a postmortem study may be viewed by the field as a critical and foundational truth. Consequently, the great risk of poorly designed or controlled postmortem studies is that the resultant errant finding may persist untested or unchallenged for an extended period of time. Hence, although true in any area of science, given the relatively small number of postmortem studies, and the length of time that it takes to conduct them, the importance of well-conceptualized and designed postmortem studies of psychiatric disorders cannot be overemphasized. Suggestions for Improvements. Statistical methods can be used to correct for differences in demographic (e.g., age, sex, etc.) or other (e.g., brain pH, PMI, tissue storage time, etc.) variables across subject groups. However, the matching of individual pairs (or triads or tetrads) of subjects from each group as closely as possible on these variables has several advantages. First, matching helps ensure that both the means and standard deviations for a given variable will be comparable across subject groups, further enhancing the utility of statistical corrections for these factors. Second, for assays in which tissue samples from all subjects cannot be processed together, matching of subjects across diagnostic groups, and always processing tissue from matched subjects together, helps reduce the potentially confounding influence of inter-assay variation. Third, matching subjects makes it possible to compare the results of different statistical models, in which subject pair and/or one or more of the matching variables are entered as blocking variables or covariates (for example, see Pierri et al. 2001) . Comparable results across models provides additional support for the finding of interest. Clearly, however, this strategy requires the availability of a large number of normal subjects (or subjects in other diagnostic groups) in order to be able to select comparison subjects that are adequately matched on the relevant variables.
Although some issues about the application of stereological principles to studies of the brain have generated substantial debate (Guillery and Herrup 1997; West 1999; Benes and Lange 2001) , the critical importance of systematic, uniformly random sampling to obtain valid estimates of the density or absolute number of objects in a region is not controversial. By extrapolation, one can reasonably conclude that estimates of the tissue concentration of a given molecule would also benefit from a similar approach to selecting the bits of tissue to be sampled. However, limitations in tissue specimens can present problems in this area (e.g., the use of a single tissue section per subject from a heterogenous brain region). Although using a larger sample of subjects may help mitigate the problem, the clear solution for advancing the field is to increase the availability of resources so that an appropriate number of brains is adequately sampled in all studies.
Well-controlled Confounds
Inherent in the use of postmortem tissue to study psychiatric illness is the challenge of disentangling the nature of the primary disease process (the usual focus of the study) from: (1) the consequences of having had the illness for years or possibly decades; (2) the influence of other disorders, such as substance abuse or suicide, that may be comorbid with the illness of interest; and (3) the impact of pharmacological agents used to manage the illness. Primary versus Secondary Factors. With the exception of some cases of suicide, most individuals with psychiatric disorders who become available for a postmortem study have had the illness for some period of time. However, some inferences regarding whether an observed alteration in the dependent measure of interest is a consequence of having had the illness may be drawn from assessments of the relationship between the magnitude of change in the dependent measure and the length of illness (with appropriate corrections for age at time of death). Within the field of schizophrenia research, the majority of such analyses have failed to find a significant association. Whether these observations represent true negatives, or the blunted nature of the assessment (i.e., because the measure of interest, while a consequence of the illness, does not change linearly with length of illness), remains to be seen. However, the inference can be strengthened by comparing related measures between postmortem and in vivo imaging studies. For example, the likelihood that the reductions in volume and neuron number observed in the postmortem mediodorsal thalamus of subjects with schizophrenia (Pakkenberg 1990; Popken et al. 2000; Young et al. 2000) are related to the primary disease process is supported by the reported reductions in total thalamic volume (Buchsbaum et al. 1996; Gur et al. 1998; Gilbert et al. 2001) and in the size of the mediodorsal nucleus (Byne et al. 2001) in first-onset, never-medicated subjects with schizophrenia. A third strategy that has been less frequently utilized is the study of unaffected relatives of ill subjects. Although confounds of age have to be considered, these individuals may be both the most practical and useful to study postmortem because they have passed through the age of risk and could be potentially assessed antemortem. Although each of these approaches has definite limita-tions in addressing the question of whether a given postmortem finding reflects the disease process or its consequence, a convergence of findings across the three approaches may provide a compelling conclusion.
Influence of Comorbid Conditions . The necessity of dissecting the influence of the primary illness from that of comorbid conditions, such as alcohol and other substance use disorders, is also an important issue that affects the design of postmortem studies. Indeed, because of the high lifetime incidence of substance-related diagnoses in individuals with schizophrenia, which may approach 50% (Dixon et al. 1991) , and the limited sample of postmortem samples available for study, it is difficult to advocate a strategy of excluding all subjects with any history of a substance use disorder. Alternatively, one can look for compatible findings from several types of analyses. For example, the comparison of individuals with schizophrenia who have the comorbid condition with those who do not may be informative, although the resulting reduction in sample size runs the risk of diminished power and false negative findings. However, if both subgroups show a similar difference from normal control subjects, then the provisional conclusion of a lack of influence of the comorbid condition may be reasonable. This conclusion may be strengthened by the study of individuals who have the comorbid condition without the primary disease of interest. Two independent studies of gene expression illustrate the utility of this combined approach. For example, expression of the mRNA for N-ethylmaleimide sensitive factor was consistently decreased in the prefrontal cortex of subjects with schizophrenia, independent of whether they had history of alcoholism (Mirnics et al. 2000) . In contrast, the expression of this mRNA was increased in subjects with alcoholism who did not suffer from schizophrenia (Lewohl et al. 2000) . Impact of Pharmacological Interventions. Since an adequate sample of postmortem brain specimens from never-medicated subjects with a given psychiatric disorder is unlikely to ever be available, several less direct approaches must be used to address the influence of psychotropic medications. These approaches include: (1) the comparison of data from subjects who were on or off the medications of interest at the time of death; (2) the examination of subjects with other disorders who were treated with the same medications; and (3) the use of animal models that mimic the clinical treatment of the disorder under investigation. Certainly, the first two approaches have obvious, and difficult to control, potential confounds. Long-term exposure to psychotropic medications, as is typical in the treatment of most psychiatric disorders, may have effects on brain morphology, neurochemistry or gene expression that persist for a substantial period of time after the drug is discontinued. In addition, even though the same agents are utilized, the pharmacological treatment of other disorders may be different than that of the disease of interest. For example, compared with schizophrenia, the use of antipsychotic medications for other psychotic disorders tends to be more intermittent or for a shorter duration of time. In the case of animal models of drug effects, studies in rodents frequently involve dosage and/ or length of treatment parameters that do not reflect the human treatment condition. These limitations can be overcome through studies in nonhuman primates that involve extended periods of treatment with medication dosing regimens that produce serum drug levels demonstrated to be therapeutic in humans. However, the potential problem of species differences, and the possibility that the medications of interest may have different effects on the brain of an individual with a psychiatric illness than on the normal brain must be kept in mind. Despite the limitations of each of these three approaches individually, convergent findings across approaches should lead to reasonable conclusions about the extent to which psychotropic medications account for brain differences between affected and normal control subjects.
This three-fold strategy has been used to assess the potential relationship of antipsychotic drug treatment to the reduced density of GABA transporter (GAT)-1-labeled axon terminals (termed "cartridges") of chandelier neurons observed in the prefrontal cortex of subjects with schizophrenia. First, GAT-1 cartridge density was decreased in subjects with schizophrenia, but not in subjects with other psychiatric disorders treated with antipsychotic medications (Woo et al. 1998) . Second, the density of labeled cartridges was actually greater in schizophrenic subjects who were off antipsychotic medications at the time of death compared with those on medications, although both groups showed reduced levels compared with normal controls (Pierri et al. 1999) . Third, compared with matched control animals, the density of GAT-1-positive cartridges was elevated in monkeys treated for one year with haloperidol at serum levels maintained in the range shown to be therapeutic in humans (Pierri et al. 1999) . Thus, the convergence of these findings suggest not only that antipsychotic medications are unlikely to be the cause of decreased GAT-1-immunoreactive cartridge density in schizophrenia, but also that the pathophysiology of schizophrenia may actually be associated with more marked reductions in GAT-1-immunoreactive cartridge density than those observed in postmortem studies.
CONCLUSIONS
As summarized at the beginning of this Perspective, investigation of the postmortem human brain is an essential component of the current effort to unravel the complex pathoneurobiology of psychiatric disorders.
The success of this endeavor depends upon continued improvements in both the quality and quantity of such studies. In addition to the specific suggestions delineated above, increasing the number of postmortem brain specimens available for study is central to the success of this arm of the scientific assault on psychiatric illness. Although the relative merits of national versus local brain banks have been debated, the need for more brain specimens suggests that this may not be an "eitheror" question. Furthermore, the decreased number of hospital-based autopsies, as well as the additional confounds that may be associated with in-hospital deaths, indicate that efforts to increase alliances with coroner or medical examiner offices and with programs that recover organs and tissues for transplantation are needed.
Even with increased acquisition of well-characterized brain specimens, the confounds inherent to postmortem tissue research necessitate the use of convergent approaches to explicate the possible influence of these confounds. In this regard, both the design and interpretation of human postmortem studies may be improved by conducting them within the context of parallel animal studies of the same systems of interest in which potential confounds are assessed in a systematic fashion.
In summary, informative postmortem studies require well-characterized tissue specimens in which: (1) the potential confounds are understood in advance and are addressed through the design of the study; and (2) appropriate control experiments are conducted to assess the possible impact of these confounds on the dependent measures of interest. Continued efforts to improve our abilities to meet these requirements will help insure that postmortem studies provide the essential insights into psychiatric disorders that can only be achieved through the direct investigation of the human brain.
